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We have studied the dielectric responses of the layered cobalt oxysulfide Sr2Cu2CoO2S2 with
the CoO2 square-planes. With decreasing temperature below the Ne´el temperature, the resistivity
increases like a semiconductor, and the thermopower decreases like a metal. The dielectric constant
is highly dependent on temperature, and the dielectric relaxation is systematically changed with
temperature, which is strongly correlated to the magnetic states. These behaviors suggest that
carriers distributed homogeneously in the paramagnetic state at high temperatures are expelled
from the antiferromagnetically ordered spin domain below the Ne´el temperature.
Many layered transition-metal oxides and sulfides have
been the subject of the experimental and theoretical
investigations, because they exhibit unusual physical
properties originating from the strong electron corre-
lation. From the viewpoint of materials design, we
have studied the prototypical transition-metal hybrid
material Sr2Cu2CoO2S2 [1]. Layered cobalt oxysulfide
Sr2Cu2CoO2S2 crystallizes in an unusual intergrowth
structure consisting of the CoO2 square lattice and
ThCr2Si2-type sulfide layers, as shown Figure 1.
Sr2Cu2CoO2S2 exhibits rich and complicated mag-
netism, and shows successive transitions. First, it shows
an antiferromagnetic transition with the Ne´el tempera-
ture TN=190 K which is detected by the neutron powder
diffraction (NPD). M/H in Figure 2 (a) shows a broad
maximum near 250 K, being indicative of 2D antiferro-
magnetic nature, as is normally seen for antiferromag-
netic K2NiF4-type compounds. Below TN2 =125 K, ad-
ditional peaks appear in the NPD pattern, which sug-
gests that interlayer magnetic correlation is grown. Be-
low TSG =80 K, Sr2Cu2CoO2S2 has a hysteresis behavior
between field-cooled and zero-field-cooled magnetization
curves, as is often seen in frustrated spin systems [2, 3, 4].
In transition-metal compounds, charge and spin de-
grees of freedom interact with each other to induce un-
conventional physics, such as high-temperature super-
conductivity in Cu oxides. Thus, in order to explore
effects of magnetic excitations on charge transport of
Sr2Cu2CoO2S2, we have measured electrical resistivity
(ρ), thermopower (S) and dielectric constant (ε) of poly-
crystalline samples.
Polycrystalline samples of Sr2Cu2CoO2S2 were pre-
pared by a solid-state reaction[2, 3].
The resistivity was measured by a four-probe method,
and the thermopower was measured using a steady-state
technique from 4.2 from 300 K in a liquid He cryostat.
The dielectric constant (ε1) and ac conductivity (σac)
were measured with a parallel plate capacitor arrange-
FIG. 1: Crystal structure of Sr2Cu2CoO2S2 which crystal-
lizes in an unusual intergrowth structure with the stacking
sequence -Sr-Cu2S2-Sr-CoO2-Sr- (space group I/4mmm) [3].
ment using an ac two-contact four-probe method with
an LCR meter (Agilent 4284A) from 102 to 106 Hz. Ow-
ing to the two-probe configuration, the contact resistance
and capacitance might have affected the measurement.
However, the contact resistance was less than 1 Ω, which
was much smaller than the sample resistance (50 Ω at 200
K). In fact, the observed σac was quantitatively consis-
tent with the observed dc resistivity for ω → 0. Though
we did not evaluate the contact capacitance, we can em-
ploy an evaluated value of 500 pF for La2CuO4 from Ref.
[5], because the contact capacitance is primarily deter-
mined by the area of the contact. It gives a reactance of
3×105 Ω at 1 kHz, which is 105 times larger than the con-
tact resistance. As a result, we can safely assume that our
contact is primarily a resistive coupling, and can neglect
the contact capacitance. We should further note that we
tested different contact configurations of the same sam-
ple, and got identical results within experimental errors.
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FIG. 2: Temperature dependences of (a) field-cooled and zero-
field-cooled magnetic susceptibilities, (b) electrical resistivity
(ρ), (c) activation energy estimated from ρ, (d) thermopower
(S), and (e) local carrier density estimated from S.
Thus we conclude that the contact would not affect the
measured ε within experimental errors of 1%.
Figure 2 (b) shows the temperature dependence of ρ.
The ρ increases with decreasing temperature, which in-
dicates that Sr2Cu2CoO2S2 is a semiconductor. As is
clearly shown, the temperature dependence of ρ is not a
simple activation type. In particular, ρ shows a “plateau”
near 50-120 K, indicating that this material is more
metallic than a conventional semiconductor with a con-
stant activation energy. In order to see this more clearly,
the activation energy (Eg) estimated from the relation as
ρ(T ) = ρ0 exp(Eg/kBT ), (1)
is plotted as a function of temperature in Fig. 2 (c). As
expected, Eg depends on temperature. In particular, Eg
suddenly decreases below around TN , and is as small as
Eg ∼ kBT below around TSG. This suggests the carriers
feel essentially no energy gap, and can move more freely
at low temperature. In this sense, the electronic state
below TSG is “metallic” rather than semiconductive.
Figure 2 (d) shows the temperature dependence of S.
S decreases with decreasing temperature, and S/T is as
small as S/T of conventional metals below around TSG.
This seems to indicate that Sr2Cu2CoO2S2 is a metal
at low temperatures, and is consistent with the anoma-
lously small Eg. In the lowest order approximation, S is
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FIG. 3: Frequency dependence of dielectric constant.
expressed as functions of the carrier concentration (n) as
|S| =
pik2B
2h¯2dce
m
n
T, (2)
where dc (=17.7 A˚) is the inter-layer spacing, e (> 0) is
the unit charge, and m is the bare electron mass [6]. Fig.
2 (e) shows the temperature dependence of n. Quite
anomalously, n increases with decreasing temperature
below TN , which could not happen in a homogeneous
system.
Suppose that the carriers (holes) and magnetic spins
are segregated in the sample. Then the electric current
flows in a filamentary path of the hole-rich region con-
nected in a percolation network across the sample. In
this situation, n observed from S should be the carrier
density in the filamentary path. If the volume fraction of
the filaments are 10 %, n would be 10 times larger than
n distributed homogeneously. The large n and the small
Eg naturally suggest that the carriers are segregated to
form a percolation network below TN .
Reflecting the successive phase transitions, the dielec-
tric response is quite complicated. Figure 3 shows ε1
of Sr2Cu2CoO2S2 as a function of frequency. Let us
begin with the data at 10 K. ε1 shows a step-like de-
crease with increasing frequency, which is a dielectric re-
laxation. With increasing temperature, additional tails
appear in ε1 at low frequencies above 40 K and 80 K,
which means that another relaxation process begins to
overlap. The tail extends to higher frequencies with
increasing temperature, and low-frequency ε1 increases.
Dielectric relaxation is more clearly seen in the so-called
Cole-Cole plot for various temperatures (figure 4). in
which the imaginary part of dielectric constant (ε2) is
plotted as a function of ε1. Here we calculated ε2 from σ
as ε2/ε0 = (σ− σdc)/ωε0, where σdc is the dc conductiv-
ity. At 10 K, the data draws a single distorted semicir-
cle, indicating the dielectric relaxation. With increasing
temperature, additional relaxations begin to overlap, and
the data draw two semicircles. Note that the three re-
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FIG. 4: Temperature dependence of the Cole-Cole plot.
Three relaxations are plotted with different marks.
laxations are related to the magnetic transitions. The
lowest-temperature relaxation corresponds to the hys-
teresis region from 10 to 50 K. The second relaxation
corresponds to the second antiferromagnetic phase below
120 K (∼ TN2), and the highest-temperature relaxation
corresponds to the first antiferromagnetic phase below
TN .
Let us discuss the origin of the dielectric relaxation.
It should be emphasized that the observed relaxation is
unique, and at least three relaxations appear with vari-
ous magnetic phases. Since we used polycrystalline sam-
ples, we cannot exclude a possibility that this anomaly
comes from grain boundaries. As Lunkenheimer et al. [7]
have pointed out, anomalously large ε1 at low frequencies
might be related to a depletion layer at the grain bound-
aries, what is called “leaky capacitor” effect [8]. However,
ε1 in the low-frequency limit is almost independent of
temperature in the leaky capacitor, whose temperature
and frequency dependences are different from our data.
Additionally, the coincidence between the dielectric re-
laxations and magnetic phase transitions is too orderly.
As mentioned above, we propose a self-organization or
phase-separation of holes takes place in Sr2Cu2CoO2S2.
According to this picture, the charge density is inhomo-
geneous in the sample, which could be vibrated by an ex-
ternal ac field to give large dielectric response. Below TN ,
the holes are gradually confined in the percolation net-
work and the spin-rich region (highly resistive) increases
in volume. Thus the electronic network is near the perco-
lation threshold near TN , and goes far away from it with
decreasing temperature. The dielectric constant of per-
colation systems consisting of metal and insulator nano-
composites has been extensively investigated. Recently
Pakhomov et al. have reported that it diverges at low fre-
quencies near the percolation threshold [9], whose spec-
trum is very similar to the 200 K data in Fig. 3. At low
temperatures, a sample away from the threshold in the
insulating side shows a flat dielectric constant [10], which
is also very similar to the data in Fig. 3. For more quan-
titative analysis, we need the same measurement with
single crystal samples.
In summary, we have measured the resistivity, ther-
mopower, dielectric constant and ac conductivity of poly-
crystalline samples of Sr2Cu2CoO2S2. All the transport
parameters show characteristic change below TN , which
clearly indicates that the charge transport is highly cor-
related to the spin state. In particular, the qualitatively
different dielectric relaxations are observed with decreas-
ing temperature, which well correspond to the different
magnetic phases. We have proposed that the transport
properties are consistently understood in terms of the
spin-carrier phase separation below TN .
The neutron powder diffraction using the high effi-
ciency and high resolution measurements [11] were per-
formed under the inter-university cooperative research
program of the Institute for Materials Research, To-
hoku University. This work was partially supported by
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